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Abstract

The preacceleration of electrons through reflection and shock drift acceleration (SDA) is essential for the diffusive
shock acceleration of nonthermal electrons in collisionless shocks. Previous studies suggested that, in weak quasi-
perpendicular (Q ) shocks in the high-3 (8 = By, /Pp) intracluster medium (ICM), the temperature anisotropy due
to SDA-reflected electrons can drive the electron firehose instability, which excites oblique nonpropagating waves
in the shock foot. In this paper, we investigate, through a linear analysis and particle-in-cell simulations, the
firehose instabilities driven by an electron temperature anisotropy (ETAFI) and also by a drifting electron beam
(EBFI) in 8 ~ 100 ICM plasmas. The EBFI should be more relevant to describing the self-excitation of upstream
waves in Q| -shocks, since backstreaming electrons in the shock foot behave more like an electron beam rather
than an anisotropic bi-Maxwellian population. We find that the basic properties of the two instabilities, such as the
growth rate, -, and the wavenumber of fast-growing oblique modes, are similar in the ICM environment, with one
exception; while the waves excited by the ETAFI are nonpropagating (w, = 0), those excited by the EBFI have a
nonzero frequency (w, = 0). However, the frequency is small with w, < 7. Thus, we conclude that the
interpretation of previous studies for the nature of upstream waves based on the ETAFI remains valid in Q| -shocks
in the ICM.
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1. Introduction

In the current ACDM cosmology, galaxy clusters emerge
through hierarchical clustering, and the ensuing supersonic
flow motions generate shock waves in the intracluster medium
(ICM); (e.g., Miniati et al. 2000; Ryu et al. 2003; Pfrommer
et al. 2006; Skillman et al. 2008; Vazza et al. 2009; Hong et al.
2014; Schaal & Springel 2015). Among the ICM shocks, the
merger shocks, induced during mergers of subclusters, are the
most energetic; they form in almost virial equilibrium and
hence are weak with low sonic Mach numbers of M; < 4 (e.g.,
Ha et al. 2018). As in most astrophysical shocks, cosmic ray
(CR) protons and electrons are expected to be accelerated via
diffusive shock acceleration (DSA) in these ICM shocks (e.g.,
Bell 1978; Blandford & Ostriker 1978; Drury 1983; Brunetti &
Jones 2014). From observations of the so-called radio relics
(e.g., van Weeren et al. 2010, 2012), in particular, the electron
acceleration is inferred to operate in low Mach number, quasi-
perpendicular (Q |, hereafter) shocks with g, = 45° in the hot
ICM (see van Weeren et al. 2019 for a review). Here, 0y, is the
obliquity angle between the background magnetic field and the
shock normal.

The preacceleration of electrons is one of the long-standing
unsolved problems in the theory of DSA (e.g., Marcowith et al.
2016). Thermal electrons need to be energized to suprathermal
energies (p, 2 afew X py, ) in order to be injected into the
DSA process, because the full DSA requires the diffusion of
CR electrons both upstream and downstream across the shock,
and the width of the shock transition region is comparable to
the ion gyroradius. Here, py, , = (2m,kg T5)!/? is the proton
thermal momentum in the postshock gas of temperature 75, m,,
is the proton mass, and kg is the Boltzmann constant. The
electron injection, which is known to be effective mainly at
Q -shocks (e.g., Gosling et al. 1989; Burgess 2007), involves

the following key elements: (1) the reflection of incoming ions
and electrons at the shock ramp due to magnetic mirror forces,
leading to backstreaming, (2) the energy gain from the
motional electric field in the upstream region through shock
drift acceleration (SDA) or shock surfing acceleration (SSA),
and/or through interactions with waves, and (3) the trapping of
electrons near the shock due to the scattering by the upstream
waves, excited by backstreaming ions and electrons, which
allows multiple cycles of SDA or SSA (Amano & Hoshino
2009; Matsukiyo et al. 2011; Riquelme & Spitkovsky 2011;
Matsumoto et al. 2012; Guo et al. 2014a, 2014b; Kang et al.
2019). The injection problem can be followed from first
principles only through particle-in-cell (PIC) simulations,
which fully treat kinetic microinstabilities and wave—particle
interactions on both ion and electron scales around the shock
transition.

Self-generated upstream waves play an important role in the
electron preacceleration, because in the absence of scattering
by the upstream waves, the energization of electrons would be
terminated after one SDA cycle. A plethora of plasma
instabilities can be destabilized in the shock foot, depending
on the shock parameters, such as the plasma beta, 3 = Fys/Pg
(the ratio of the gas to magnetic pressures), the sonic Mach
number M, the Alfvén Mach numbers, Mx (My = /GBI /2 M,
where I' = 5/3 is the gas adiabatic index), the obliquity angle,
0gn, and the adopted ion-to-electron mass ration, n1,/ m,> (e. g.,
Matsukiyo & Scholer 2006; Balogh & Truemann 2013). Early
PIC simulation studies centered on high Mach number shocks
in 3 ~ 1 plasmas, characterizing the Earth bow shock in the
solar wind and supernova blast waves in the interstellar

3 We use the term “ion” to represent the positively charged particle with a
range of m,/m, = 100-1836. But we use the subscript p to denote the ion
population, since the subscript i is used for the coordinate component.
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medium. For instance, Amano & Hoshino (2009) and
Matsumoto et al. (2012) found that at high M, (specifically,
My > (m,/m,)*/3) Q,-shocks in B~ 1 plasmas, the drift
between reflected ions and incoming electrons triggers the
Buneman instability, which excites large-amplitude electro-
static waves. Then, backstreaming electrons are scattered by
these waves and gain energies via multiple cycles of SSA at the
leading edge of the shock foot. On the other hand, Riquelme
& Spitkovsky (2011) argued that at low M, (with My <
(m,/m)'/?) O, -shocks in 8 ~ 1 plasmas, modified two-stream
instabilities can excite oblique whistler waves and electrons
gain energies via wave—particle interactions with those
whistlers in the shock foot. Matsukiyo et al. (2011) also
considered M ~ 5-8 Q,-shocks in [~ 3 plasmas, and
showed that reflected electrons are energized through SDA.

The ICM, which is composed of hot gas of a few to several
keV and magnetic fields of the order /G, on the other hand,
contains plasmas of 3 ~ 100 (e.g., Ryu et al. 2008; Brunetti &
Jones 2014; Porter et al. 2015). Hence, although ICM shocks
are weak with low sonic Mach numbers M, < 4, they have
relatively high Alfvén Mach numbers up to M, < 40. To
understand the electron acceleration at ICM shocks, Guo et al.
(2014a, 2014b) performed two-dimensional (2D) PIC simula-
tions of My =3 Q,-shocks in (3 = 6-200 plasmas with
kgT = 86keV. They argued that the temperature anisotropy
(T, >T,,) due to reflected electrons, backstreaming along the
background magnetic fields with small pitch angles, drives the
electron firehose instability (EFI, hereafter), which excites
mainly nonpropagating oblique waves in the shock foot. Here,
T, and T, are the electron temperatures parallel and
perpendicular to the background magnetic field, respectively.
The SDA-reflected electrons® are scattered back and forth
between the magnetic mirror at the shock ramp and the EFI-
driven upstream waves, but they are still suprathermal and do
not have sufficient energies to diffuse downstream across the
shock transition. On the other hand, Trotta & Burgess (2019)
and Niemiec et al. (2019) have recently shown through 2D
and 3D plasma simulations of supercritical Q,-shocks that
shock surface ripplings generate multiscale perturbations that
can facilitate the electron acceleration beyond the injection
momentum.

Kang et al. (2019, KRH19, hereafter) revisited this problem
with wider ranges of shock parameters that are more relevant to
ICM shocks, My, = 2.0-3.0, 3 = 50-100, and kg7 = 8.6 keV.
They showed that the electron preacceleration through the
combination of reflection, SDA, and EFI may operate only in
supercritical Q,-shocks with Mg 2 2.3. In addition, they
argued that the EFI alone may not energize the electrons all the
way to the injection momentum, p;. ~ 130p, . (where

Pine = 2mkgT>)'/?), unless there are preexisting turbulent
waves with wavelengths longer than those of the EFI-driven
waves (A 2 20c/wy,, where c is the speed of light and w,, is
the electron plasma frequency). Analyzing self-excited waves
in the shock foot, they found that (1) nonpropagating oblique
waves with A ~ 15-20c/w,, are dominantly excited, (2) the
waves decay to those with longer wavelengths and smaller
propagation angle, § = cos~!(k - By /kB,), the angle between
the wavevector, k and the background magnetic field B, and
(3) the scattering of electrons by those waves reduces the

4 The SDA-reflected electrons mean those that are energized by SDA in the

course of reflection.
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temperature anisotropy. These findings are consistent with
previous works on EFI using linear analyses and PIC
simulations (e.g., Gary & Nishimura 2003; Camporeale &
Burgess 2008; Hellinger et al. 2014).

The EFI in homogeneous, magnetized, collisionless plasmas
has been extensively studied in the space-physics community
as a key mechanism that constrains the electron anisotropy
in the solar wind (see Gary 1993, for a review). It comes in
the following two varieties: (1) the electron temperature
anisotropy firehose instability (ETAFI, hereafter), driven by a
temperature anisotropy, T, > T., (e.g., Gary & Nishimura
2003; Camporeale & Burgess 2008; Hellinger et al. 2014), and
(2) the electron beam firehose instability (EBFI, hereafter), also
known as the electron heat flux instability, induced by a drifting
beam of electrons (e.g., Gary 1985; Saeed et al. 2016; Shaaban
et al. 2018). In the EBFI, the bulk kinetic energy of electrons
is the free energy that drives the instability. In the linear
analyses of these instabilities, typically ions are represented by
an isotropic Maxwellian velocity distribution function (VDF,
hereafter) with T}, while electrons have different distributions,
that is, either a single anisotropic bi-Maxwellian VDF with
T, > T, for the ETAFIL or two isotropic Maxwellian VDFs
(i.e., the core with T, and the beam with T},) with a relative drift
speed, uy, for the EBFIL.

The main findings of the previous studies of the ETAFI can
be summarized as follows (see, e.g., Gary & Nishimura 2003).
(1) The threshold condition of the instability decreases with
increasing (3., approximately as (7, — Tu)/nn =13 ﬁ;'. 2)
The instability induces two branches, i.e., the parallel (f ~ 0°),
nonresonant, propagating (w, = 0) mode and the oblique
(# > 0°), resonant, nonpropagating (w,=0) mode. The
propagating mode is left-hand (LH) polarized. The latter,
nonpropagating mode has a growth rate higher than the former.
(3) The perturbed magnetic field of the nonpropagating mode is
predominantly along the direction perpendicular to both k and
By. (4) The oblique nonpropagating modes decay to the
propagating modes of smaller wavenumbers and smaller
angles. (5) The ETAFI-induced waves scatter electrons,
resulting in the reduction of the electron temperature anisotropy
and the damping of the waves.

For the case of the electron heat flux instability (i.e., the
EBFI), the parallel-propagating (# =0°) mode was analyzed
before, and is known to have two branches, that is, the right-
hand (RH) polarized whistler mode and the LH polarized
firchose mode (Gary 1993). The firchose mode becomes
dominant at sufficiently large drift speeds (Gary 1985).
Although the oblique (# = 0°) mode has not been sufficiently
examined in the literature so far, it is natural to expect that the
oblique mode would have a growth rate larger than the parallel
mode, as in the case of the ETAFI (Saeed et al. 2016).
Recently, Shaaban et al. (2018) studied the electron heat flux
instability driven by a drifting beam of anisotropic bi-
Maxwellian electrons, but again only for the parallel
propagation.

As mentioned above, Guo et al. (2014b) and KRH19 argued
that the upstream waves in the shock foot in their PIC
simulations have characteristics consistent with the nonprogat-
ing oblique waves excited by the ETAFI. Considering that
backstreaming electrons would behave like a drifting beam,
however, it would have been more appropriate to interpret the
operating instability as the EBFI. So we here consider and
compare the two instabilities, in order to understand the nature



THE ASTROPHYSICAL JOURNAL, 892:85 (12pp), 2020 April 1

of the upstream waves in Q,-shocks in high-G plasmas.
Another reason why we study this problem is that the ETAFI
and EBFI in high-( plasmas have not been examined before. In
particular, we study the instabilities at both parallel and oblique
propagations through the kinetic Vlasov linear theory and 2D
PIC simulations, focusing on the kinetic properties of the EFI
in high-8 (8, ~ 50 and (3. =~ 50) plasmas relevant for the ICM.

The paper is organized as follows. Section 2 describes the
linear analysis of the ETAFI and EBFIL In Section 3, we
present the nonlinear evolution of the EBFI in 2D PIC
simulations in a periodic box. Some issues of our linear
analysis are discussed in Section 4. A brief summary follows in
Section 5.

2. Linear Analysis of ETAFI and EBFI

We consider the ETAFI and EBFI in a homogeneous,
collisionless, magnetized plasma, which is specified by the
density and temperature of ions and electrons, n,, n,, T, T,
and the background magnetic field of By. For the case of the
ETAFI, the anisotropic bi-Maxwellian distribution of electrons
is described by T, and T, , and the temperature anisotropy
parameter is given as A = T, /T.,. The ion population is
described with a single temperature. For the case of the EBFI,
the core and beam populations of electrons with drift speeds of
u. and u,, along the direction of the background magnetic field
are assumed.” The ion population is on average at rest with zero
drift speed. The adopted ion-to-electron mass ratio includes the
realistic ratio, m,/m, = 1836, of the proton-to-electron mass
and a reduced one, m,/m,=100. The reduced mass ratio is
considered for comparison with the PIC simulations in the next
section where m,,/m, =100 and 400 are adopted.

The VDF of a drifting bi-Maxwellian population can be
written in the general form,

-3/2 2 _ 2
f;l(\}l’ VH) — & 7-[2- exp[_L — u] (1)

2
no Qg Qg Qg CkaH

The subscript a can denote the population of core electrons (c),
beam electrons (), or ions (p). Here, n, is the number density of
the particle species a, and ng is the number density of electrons
and ions, which satisfy ny = n. + n, = n,, the charge neutrality
condition; u, is the drift speed directed along the background
magnetic field and satisfies n.u, + nyu, — n,u, = 0, the zero net
current condition. The thermal velocities are o = /2kp Ty /ma

and a,, = /2kgT,, /m,, respectively. Throughout the paper,
the plasma beta, 3, = 8mnokgT, /B¢, the plasma frequency,
w,z)a = 4mnge? / my, and the gyro-frequency, €, = eBy/m,c, for
electrons and ions are used. The Alfvén speed, given as
v = (B /4mnom,)!/?, is also used. Note that for the ion
(proton) population, 7, = T,; = T, in the ETAFI analysis,
while u, = 0 in the EBFI analysis in the following subsections.

The linear dispersion relation of general electromagnetic
(EM) modes for the ETAFI and EBFI can be derived from the
normal mode analysis with the linearized Vlasov—Maxwell
system of equations for plasmas of multispecies. The derivation
can be found in standard textbooks on plasma physics (e.g.,

5 The subscripts ¢ and b stand for the core and beam populations.
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Stix 1992; Brambilla 1998). The dispersion relation is given as

21,2 kik;
det(qj - Cw—’;(é,-j - k—zf)] =0, )

with the dielectric tensor, ¢;, where k; and k; are the
components of the wavevector k. Then, the complex
frequency, w = w, + i7,® can be calculated as a function of
the wavenumber, k, and the propagation angle, 6. The dielectric
tensor for the general VDF is given in the Appendix. Setting
that || is the z-direction and L is the x-direction without loss of
generality, that is, By = ByZ and k are in the z—x plane, the
components of ¢; for the VDF in Equation (1) is written as

2
w 2N, (A
_ pa g —~p=cc 1N n( a) a
€xx =1+ Za:c,h,p 2 _anfoo h\ A
w” ng a

2

Wha n, _ n?A,(\,)

C'Y,V =1 + Zu:c,b,p wf’z" nzzz—moo( /{l 5
a

- 2)\aA;l()\a )Ana )

2
Wha g Ta)

€z =1 — Za:(',b,p wz 1o T
al

2
x Zj’,_”OQAn(/\a)[CZB;‘ + 2;‘—"HB; 2;‘_;/4;],
a al

wz

. pa = l
Exy = — €y = lzll:c,h,p Fn_azzzzooo nAn()\a)Af;l7
0

2
Wha ng KL Qa|
—c.b, o
AZOOP 2 ny 28,

x e, M) [B: ol Aa],

n
Aa Qq|

€xg = Ex = =2

2
Wha ng KL Q|
w? ng 29,

€ye= =€y =Dy

x zzxA;ua)[B: - 2”“A,f],

Qa||
(3)
where
An()\a) = ]n()\a)e_)\“a
_ kfagu
a 295 ’
T, Z'(¢;)
Aa — aZ a _ _ 1 n ,
R [ T
1, a a
B = [cg - ( = — 1)4,,]2/(4,1),
I
. w—nfy — kju,
G=—"7"—""— 4

ki)

Here, I,,(\) denotes the modified Bessel function of the first
kind and Z({) is the plasma dispersion function (see the
Appendix). The prime in A/(\) and Z/(¢) indicates the
derivative with respect to the argument.

6 The quantity 7 is the imaginary unit, not the coordinate component.
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Figure 1. Real frequency, w, (black), and growth rate, y (red), of the ETAFI as a function of wavenumber, k, for different propagation angle 6, the angle between the
wavevector and the background magnetic field. Here, A = T,|/T.. = 1.86, 8 =100 (i.e., G, =72.3, B, = 38.9, and 3, = 50), wa/c =6 x 104, and
my,/m, = 1836. Note that the ranges of abscissa and ordinate differ in different panels.

2.1. Electron Temperature Anisotropy Firehose Instability
(ETAFI)

We first examine the ETAFI in the ICM environment,
triggered by the temperature anisotropy of electrons; hence,
Ty > T.,, while T,y =T,,, and u. = u, =0 (no drift of
electrons). For the anisotropic distribution of electrons in
Equation (1), the plasma beta is given as (., = /A and
Be = (B + 28.1) /3 = B(1 + 2/A)/3. We restrict the ana-
lysis to the case of 3, = ,6’1,.7 Then, the analysis is reduced to a
problem of five parameters, for instance, T,y Tey, no, Bo, and
my,/m,. We specify the problem with four dimensionless
quantities, A = T, /T.., B = B, + By, va/c, and m,/m,, and
use wy, to normalize k. We then calculate w,/Q, + i7/€), as a
function of ck/w, and 6. Note that 2, is given as a
combination of other quantities, €2, = wpe(vA/c)(mp/me)l/ 2,
Considering that ng ~ 107 cm™3, T, ~ T, ~ 10® K (8.6 keV),
and By is of the order uG in the ICM (see the 1), we adopt
B=100 and w/c=[2/B,) kT /m,c»)]/? =6 x 107*/
[(m,/m,) /1836]'/ as fiducial values.

Figure 1 shows the analysis results of the ETAFI for
the model of A = 1.86, 3= 100, vy/c =6 x 107%, and
m,, /m, = 1836. The normalized real frequency, w, /€2, (black
line), and the normalized growth rate, /S, (red line), are plotted

" The analysis can be easily extended to the general case of &, = [3,.

as a function of ck/w,, for different 6. At small, quasi-parallel
angles (6 < 35°), the propagating mode with w, = 0 dominates
over the nonpropagating mode with w, = 0 in all the range of k.
As 6 increases, v of both the modes increase, but v of the
nonpropagating mode increases more rapidly than that of the
propagating mode (see the panels of § = 35°, 40°, and 45°). As 0
increases further, the nonpropagating mode dominates in all the
range of k (see the panel of 85°). The maximum growth rate, ~,,,
appears at ck,, /w,. ~ 0.49 and 6,, =~ 85°, while nonpropagat-
ing modes with a broad range of ck /w,, ~ 0.2-0.8 have similar
~. This agrees with the previous finding that the ETAFI
predominantly generates oblique phase-standing waves (see
the 1).

Figure 2 shows the analysis results for different parameters.
The left panels exhibit the dependence on 3, with 3| = 5, 25,
and 50 for a fixed A = 1.67; then, 8 = 7.33, 36.6, and 73.3,
respectively, and other parameters are 1, /c = 107* and
my/m, = 1836. The maximum growth rate, +,, and the
corresponding wavenumber, k,,, for given 6, are plotted as a
function of @ for both the propagating (dashed line) and
nonpropagating (solid line) modes. The results of the 3, = 5
model are in perfect agreement with the solutions provided by
Gary & Nishimura (2003); (see their Figure 2), demonstrating
the reliability of our analysis. The peak of +,, occurs at the
nonpropagating mode, again indicating that the fastest-growing
mode is nonpropagating, regardless of . For higher 3, the peak
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Figure 2. Maximum growth rate, v,, (top), and wavenumber, &, (bottom), for the propagating (dashed line) and nonpropagating (solid line) modes of the ETAFI, as a
function of 6. The left panels are for different 3, with a fixed A = 1.67; 3 = 26, (1 + 2/A)/3,wa/c = 1074, and m,/m, = 1836. The right panels are for different
A and m, /m,; 8 = 100 and vy /c =6 X 10’4/[(mp/me)/1836]1/2. In the right panels, the gray solid lines almost completely overlap with the black solid lines.

is higher® and appears at larger 6 and smaller k; that is, for
higher 3, the ETAFI grows faster, and the fastest-growing
mode has a longer wavelength and a larger propagation angle.
The right panels of Figure 2 examine the dependence on A in
the range of A = 1.46-1.86 for a fixed 5= 100; then,
Be| = 63.3-72.3, and other parameters are vy /c = 6 X 10~
and m,, /m, = 1836. For larger A, the peak of +,, is higher and
appears at larger 0 and larger k; that is, for larger A, the ETAFI
grows faster, and the fastest-growing mode has a shorter
wavelength and a larger propagation angle. The right panels also
compare the models of m,, /m, = 1836 and 100 for A = 1.86.
While the growth rate of the propagating mode strongly depends
on m,/m,, the characteristics of the nonpropagating mode are
insensitive to m,/m, once m,/m, is sufficiently large. This is
consistent with the findings of Gary & Nishimura (2003).

2.2. Electron Beam Firehose Instability (EBFI)

In this subsection, we examine the EBFI in the ICM
environment, induced by a drifting beam of electrons. Three
populations of core electrons, beam electrons, and ions are
involved, and we assume that all follow isotropic Maxwellian

8 For higher 3, €., the normalization factor in the plot, is smaller, if the

difference in (3 is due to the difference in By,

VDFs. We again restrict the analysis to the case of 3, = 3,, or
equivalently 7, = T},. Then, with the charge neutrality and zero net
current conditions, the analysis is reduced to a problem of six
parameters, for instance, T, 71, Ry, Urel = U — by, By, and m,, /m,.
We specify the problem with five dimensionless quantities, (3,
ny, /no, el /¢, va/c, and my,/m,, again using w,, to normalize k.

Emulating backstreaming electrons in the foot of a simulated
shock in the ICM environment, specifically, the M3.0 model shock
(M, =13.0, 3= 100) of KRH19, we adopt the model of 5 = 100,
ny/ng = 0.2 (then, n./ng=0.8), u/c =03 (u.=0.06 and
u,=—024), vw/c =6 x 107%, and m,/m, = 1836 as the
fiducial model. We also consider four additional models to explore
the dependence of the EBFI on u /¢, 3, and m, /m,, as listed in
Table 1. The model name in the table has the following meaning.
The first character “L.” stands for “linear analysis.” The letter “u” is
followed by u¢; /¢; the Lu0.3 model in the third row is the fiducial
case. The models in the last two rows are appended by a character
for the specific parameter and its value that is different from the
fiducial value; the Lu0.3550 model has (=50, and the
Lu0.3m100 model has m,,/m, = 100. The last three columns of
the table show 7,,, 6,,, and k,, of the fastest-growing mode.

To compare the characteristics of the EBFI with those of the
ETAFI, we define an ‘“effective” temperature anisotropy as
follows. The “effective” parallel and perpendicular tempera-
tures of the total (core plus beam) electron population are
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Figure 3. Real frequency, w, (black), and growth rate, 7y (red), of the EBFI for the Lu0.3 model in Table 1 as a function of wavenumber, k, for different propagation
angle, 0. Note that the ranges of abscissa and ordinate differ in different panels.

Table 1
Model Parameters for the Linear Analysis of the EBFI
Model Name® Be =B, /1o u./c up/c Aesr va/c my,/m, Vi) Qe O ki Jwpe
Lu0.22 50 0.2 0.044 —-0.176 1.46 6 x 107* 1836 0.17 79° 0.31
Lu0.26 50 0.2 0.052 —0.208 1.65 6 x 107* 1836 0.21 80° 0.34
Lu0.3 50 0.2 0.06 —0.24 1.86 6 x 107* 1836 0.24 81° 0.38
Lu0.3550 25 0.2 0.06 —0.24 1.86 8.5 x 107* 1836 0.21 79° 0.41
Lu0.3m100 50 0.2 0.06 —0.24 1.86 26 x 1072 100 0.24 81° 0.38
Note.
 See Section 2.2 for the model naming convention.
estimated as electrons, is given as Ay = fof TE!; it is listed in the sixth
column of Table 1.
TS = f v = ()L, Figure 3 shows the normalized real frequency, w, /), (black
line), and the normalized growth rate, /€2, (red line), for the
—T + _( 2Me | 2 nb) Lu0.3 model of the EBFI, as a function of ck/w,, for different
kg no no 0. This model has A = 1.86, which is the same as the A of
2 the ETAFI model of Figure 1. The magnitude of + and the
eff _ _Me 3, VL . .
T, = f dv—=f, =T, ) unstable wavenumber range in Figure 3 are comparable to
kgno 2 those in Figure 1, and in both figures, ~y increases with
where f, = f. + fb, Note that increasing 6. For the Lu0.3 model, the maximum growth,
Y/ e = 0.24, appears at 6,, ~ 81°, and at this angle, modes
(ve|)) fd*v v f, = —bu;, =0, (6) with a broad range of ck/w,, ~ 0.2-0.8 have ~ close to ,,. The
no

with the zero net current condition in the ion rest frame. Then,
the effective temperature anisotropy, arising from the drift of

wavenumber of v, is ck, /wy ~ 0.38 for the Lu0.3 model,
smaller than ck,, /wy ~ 0.49 at 6,, ~ 85° in Figure 1. The
more notable difference is that fast-growing oblique modes of
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Figure 4. Angular and wavenumber dependence of the growth rate, +, of the EBFI for four models, (a) Lu0.3, (b) Lu0.22, (c) Lu0.3350, and (d) Lu0.3m100, in

Table 1. The X marks the location of the maximum growth rate in the k-6 plane.

the EBFI have w, = 0, while those of the ETAFI have w, = 0.
However, w, < v for most of the modes; for the Lu0.3 model,
Y /e = 024 and w, /), ~ 0.06 at k,, and §,,, and hence,
(Wr fkm) [, = 0.66 c/wpe K Nu(Z27 /ky) = 16.5 c/w),, that
is, the fastest-growing mode propagates a distance much
smaller than its wavelength during the linear grow time of
1 /4, It means that EM fluctuations grow much faster than they
propagate. Thus, the oblique mode of the EBFI may be
regarded as “nearly phase-standing,” while the oblique mode of
the ETAFI is truly nonpropagating.

Figure 4 demonstrates the effects of u. /¢, 8, and m, /m, on
the growth rate, -y, of the EBFI in the &6 plane. The black “X”
denotes the location (k,,, 6,,) of the fastest-growing mode. The
comparison of the Lu0.22 and Lu0.3 (also Lu0.26, although not
shown) models indicates that for larger u, (i.e., larger A.s), v
peaks at larger k,, and larger 6,,. This is consistent with the
result of the ETAFI, shown in the right panels of Figure 2. The
panels (a) and (c), which compare the Lu0.3 and Lu0.3350
models, illustrate that for smaller (3, k,, is larger, while 6,, is
smaller. Such (3 dependence is also seen in the case of the
ETAFI, shown in the left panels of Figure 2. The panels (a) and
(d), which compare the Lu0.3 and Lu0.3m100 models,
manifest that m,/m, is not important, especially at high
oblique angles of 6 > 40°, as in the ETAFL In summary, these
characteristics of the EBFI are similar to those of the ETAFIL
Hence, we expect that the EBFI would behave similarly to the
ETAFL

3. PIC Simulations of EBFI
3.1. Simulation Setup

To further explore the development and evolution of the EBFI
in the foot of weak Q | -shocks in the ICM, we study the instability
through 2D PIC simulations. We consider the setup equivalent to
that of Section 2.2; electrons, described with an isotropic
Maxwellian VDF, drift along the direction of the background
magnetic field, By = ByZ. In fact, Guo et al. (2014b) performed
similar PIC simulations to describe the triggering instability and
the properties of excited upstream waves, seen in their shock
study. The difference is that in their simulations, the beam
electrons are drifting within the maximum pitch angle and have a
power-law energy distribution.

The PIC simulations were performed using TRISTAN-MP, a
parallelized EM PIC code (Buneman 1993; Spitkovsky 2005). All
the three components of the particle velocity and the EM fields are
calculated within a periodic box. As in Section 2.2, the
background plasma consists of core electrons, beam electrons,
and ions. The core and beam electron populations drift, satisfying
the zero net current condition, while the ion population is at rest.
The simulation domain is in the z—x plane. Again, the case of
B, = B,, or equivalently T, = T,, is considered.

Parallel to the models for the linear analysis considered in
Section 2.2, we ran simulations for the five models listed in
Table 2. The model name in the first column has the same
meaning as that in Table 1, except that the first character “S”
stands for “simulation.” Su0.3 in the third row is the fiducial
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Figure 5. Top panels: the growth rate of the EBFI, (k) /€, in the kj—k plane for four models in Table 1, calculated by the linear analysis in Section 2.2. Bottom
panels: the square of the Fourier transformation of the y-magnetic field fluctuations, {>B‘2 (k) / B¢, in the ky—k . plane for four models in Table 2, estimated at (2.t = 5,
from PIC simulations. Note that the color bar of v (k) /€2, is in the linear scale, while that of (53},2 (k)/Bo2 is in the logarithmic scale. The parameters of the Lu models
are identical to those of their respective Su models, except that m, /m, = 1836 for Lu models while m,/m, = 100 for Su models. The X marks the location of the

maximum linear growth rate, +,,, of the Lu models.

model; 5 =100, n,/ng=02, ue/c=03, L=T,=
8.6 keV, and m, /m, = 100. Again, this model is intended to
reproduce the upstream condition of the M3.0 model shock
of KRH19. Note that here m,,/m, = 100 is used to speed up the
simulations, but the early, linear-stage evolution of fast-
growing oblique modes should be insensitive to the mass
ratio, as mentioned above. Four additional models are
considered to explore the dependence on ug/c, 5, and
my,/m,.

The simulation domain is represented by a square grid of size
L, =L, =100 c/wy,, which consists of cells of Az = Ax =
0.1 ¢/wy,. In each cell, 200 particles (100 for electrons and 100 for
ions) are placed. The time step is Ar = 0.045 [w;el], and the

simulations ran up to f.,q = 1000 le.

3.2. Simulations Results

As in the ETAFI (see the 1), for fast-growing oblique modes
of the EBFI, the magnetic field fluctuations are induced
predominantly along the direction perpendicular to both k and
By, i.e., along the y-axis in our geometry.9 Hence, below, we

® We confirmed it in the simulations, although we do not explicitly show

it here.

present the simulation results associated with 6B, to describe
the evolution of the EBFI. With its Fourier transformation,
0B,(k), we first compare ln(5By2 k) / Boz), calculated in the PIC
simulations, with the linear growth rate, v (k), described in
Section 2.2, since 6B, (k) o< exp(y(k)) in the linear regime.
Figure 5 shows such a comparison between (k) of the linear
analysis models in Table 1 (top panels) and 6By2 (k) / BO2 of their
respective simulation models in Table 2 (bottom panels). Here,
0B, (k) is at 2t = 5, close to the linear growth time of the
fastest-growing mode, €2, /,,. In the linear analysis, the fastest-
growing mode occurs at k,,c/wy, ~ 0.31-0.41 and 6, ~
79°-81° (see Table 2), which corresponds to the positions of
the black “X” marks in the figure. The figure demonstrates a
fair consistency between the simulations and the linear
analysis. The bottom panels show that ln(éByz(k) /Boz) is
substantial in the portion of the k—k, plane where the growth
rate is substantial. In the Su0.22 and Su0.26 models, the peak
of 6By2 (k) / B¢ agrees reasonably well with the location of the X
mark. In the Su0.3 and Su0.3350 models, on the other hand,
the peak shifts a little to the lower left direction of the X mark,
possibly as a consequence of the nonlinear evolution of the
instability (see below).

Although the Su0.3m400 model is not presented in Figure 5,
we find that the distribution of In(6B}(k)/Bg) in the kj—k,
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Figure 6. Time evolution of Pp, (k) (top panels) and Pg,(6) (bottom panels), the power of 6B, /By, as a function of k and 6, at different times in the PIC simulations for
the Su0.22, Su0.26, and Su0.3 models in Table 2. The gray lines show the power at a later time, €.t ~ 500.

Table 2
Model Parameters for the PIC Simulations of the EBFI

Model Name® Be =05, ny/no u./c up/c At T, = T,(K(keV)) my,/m, L, = Ly[c/wpe] Ax = Ay[c/wpel fena [ 1]
Su0.22 50 0.2 0.044 —0.176 1.46 10%(8.6) 100 100 0.1 1000
Su0.26 50 0.2 0.052 —0.208 1.65 10%(8.6) 100 100 0.1 1000
Su0.3 50 0.2 0.06 —0.24 1.86 ]08(8.6) 100 100 0.1 1000
Su0.3550 25 0.2 0.06 —0.24 1.86 108(8.6) 100 100 0.1 1000
Su0.3m400 50 0.2 0.06 —0.24 1.86 108(8.6) 400 100 0.1 1000
Note.

 See Section 3.1 for the model naming convention.

plane coincides well with that of the Su0.3 model. This
confirms that the development of the EBFI is not sensitive to
my,/m, in the nonlinear regime as well as in the linear regime.

As described in the 1, previous studies of the ETAFI have
shown that as the instability develops, the magnetic field
fluctuations inversely cascade toward longer wavelengths and
smaller 0, and that the scattering of electrons by excited waves
reduces the temperature anisotropy and the ETAFI-induced
waves decay (e.g., Camporeale & Burgess 2008; Hellinger
et al. 2014). We expect a similar inverse cascade for the EBFI-
driven magnetic field fluctuations as well. In addition, excited
waves will disperse the electron beam, resulting in the decrease
of the relative drift speed and eventually leading to the damping
of the magnetic field fluctuations with time.

To describe the evolution of the EBFI, we examine the
magnetic power spectra, Pp (k) and Pg (6), defined with the
following relations, '

0.

B}
B—(); = [Potdink = [Py 0)a. %)

Note that Py (k) = (8B; (k) /Bi)k>. Figure 6 shows the time
evolution of Pg, (k) and PB)‘(H) for three Su models. We first see

that at the early time of €27 = 5, the peaks of Pp (k) and Pp (0)
occur at the values close to those predicted in the linear
analysis, k,, and 6,, (see the discussion above). The figure also
demonstrates that the magnetic power transfers to smaller k£ and
smaller ¢; such an inverse cascade continues to kc/wy,, ~ 0.2
(the corresponding wavelength is A ~ 30c/w,,) and 6 ~ 60° at
Q.t ~ 300. Eventually, the magnetic power decays away in the
timescale of 2.t ~ 500, indicating that the modes of long
wavelengths with A > ), are not produced by the EBFIL

A similar evolutionary behavior of the magnetic field
fluctuations, that is, the inverse cascade followed by the decay,
was observed in the simulations of weak O -shocks in the
high-3 ICM plasmas presented by KRHI19. In the shocks,
however, the beam of SDA-reflected electrons is, although
fluctuating, continuously supplied from the shock ramp,
persistently inducing the instability. As a consequence, the
magnetic field fluctuations exhibit an oscillatory behavior,
showing the rise of the instability, followed by the inverse
cascade of the magnetic power, and then the decay of
turbulence (see Figure 9 of KRH19). The period of such
oscillations is Q. ~ 500-1000, close to the decay timescale of
the EBFI. Even in the shocks with a continuous stream of
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Figure 7. Fluctuations of the y-magnetic field, 6B, /B, at three different times in the PIC simulation for the Su0.3 model. The black arrows draw the background
magnetic field direction, while the blue arrows point along the wavevector directions of the peaks of Pp, (k).

reflected electrons, the modes of long wavelengths (A > A,,)
do not develop, as shown in KRH19.

The linear analysis of the EBFI in Section 2.2 indicates that
fast-growing oblique modes, although they are propagating
with w, = 0, have mostly w, < v. So these modes are
“effectively” phase-standing, similar to the oblique nonpropa-
gating modes excited by the ETAFI. Figure 7 shows the spatial
distribution of 6B, /By at three different times covering almost
one linear growth time in the PIC simulation for the Su0.3
model. The figure demonstrates that the oblique modes induced
by the EBFI are indeed almost nonpropagating. It also
illustrates visually that the peak of Pp (k) shifts gradually
toward longer wavelength and smaller 6, while the magnetic
field fluctuations decay.

Figure 8 shows the spatial distribution of 6B, /By in the foot
of a shock, which is taken from the PIC simulation for the M3.0
model shock (M = 3.0, 6, = 63°) reported by KRH19. The
strong waves in the shock ramp at the left-hand side of the
figure are the modes excited by reflected ions (see the next
section); obviously they are absent in our periodic-box
simulations for the EBFI. The oblique waves in the region,
z/lc/wpe] > 30, on the other hand, are well compared with
those in Figure 7. In particular, the wavelength and 6 of the
peak of Pp are comparable to those in Figure 7(c). By
considering the origin of the instability and also the similarity
between Figures 7 and 8, we conclude that it should be the
EBFI due to the beam of SDA-reflected electrons that operates
in the foot of Q| -shocks in the ICM. We also argue that the
upstream waves excited by the EBFI, although they have
nonzero w,, can be regarded as almost phase-standing.

4. Discussion

We here discuss some issues regarding the scope of our
linear analysis. First, we present the results only for the cases
where ions are described with an isotropic Maxwellian
distribution, while electrons are either bi-Maxwellian or have
a drifting component.'® This is mainly because we focus on

19 The formalism for the linear analysis in Section 2 is fully general, so the
consequence of the bi-Maxwellian distribution of ions and/or a drifting
component of ions can be explored.
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Figure 8. Fluctuations of the y-magnetic field, 6B, /By, at .t ~ 5000 in the
PIC simulation of the M3.0 model shock of KRH19. The black arrow draws the
background magnetic field direction, while the blue arrow points along the
wavevector direction of the peak of Pg, (k).

electron-driven instabilities, but also because PIC simulations
show that ions have an almost isotropic Maxwellian
distribution in the foot of weak Q) -shocks (see,
e.g., KRH19). For instance, Tp”/TpJ_ ~ 1 in the foot region of
z/lc/wpe] 2 30 in Figure 8. On the other hand, the ion
distribution is anisotropic in the shock ramp; for instance,
T, /T,. =~ 0.7-1 in the ramp region of z/[c/wpy] < 30 in
Figure 8. Hence, in the ramp region, the electromagnetic ion
cyclotron (EMIC) and ion mirror instabilities can be triggered,
and the waves of Alfvén ion cyclotron (AIC) and oblique
mirror modes are excited, reducing the ion temperature
anisotropy (Gary 1993).

Second, we examine the EBFI in the “proper frame,” in
which the zero current condition holds (see Section 2.2),
whereas nonzero current is expected to be induced by
backstreaming electrons in the shock foot. With nonzero
current, there is a secular growth of the magnetic field, and then
our linear analysis breaks down. On the other hand, in
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z/lc/wpe] > 30 of Figure &, the average current is estimated to
be Joumment / [Bowpe /4] ~ 1072, and hence the magnetic field
due to this current would be Beyrrent ~ 47 yerent /Ckm ~ 0.03By.
This is an order of magnitude smaller than the magnetic field
induced by the instability (see Figures 7 and 8). Hence, we
expect that the current would make only a minor contribution
to the magnetic field generation and the preacceleration of
electrons in the foot of weak Q| -shocks in the ICM.

Finally, if there is a current, current-driven instabilities could
be triggered. At quasi-parallel shocks, ions are specularly
reflected in the shock transition and induce a resonant
streaming instability as well as a nonresonant current-driven
instability (e.g., Bell 1978, 2004; Achterberg 2013). Those
instabilities play key roles for the DSA of ions in those shocks.
Recently, it was shown that a current-driven instability due to
the beam of electrons operates in Q -shocks, if they are strong
with M; 2 several tens (Xu et al. 2019). However, those
current-driven instabilities either due to ions or electrons are
not expected to operate in weak Q| -shocks in the ICM, so we
do not consider them in this paper.

5. Summary

Recent studies of the electron preacceleration in weak
Q,-shocks in high-3 ICM plasmas suggested that the
temperature anisotropy of 7 > T, due to SDA-reflected
electrons generates oblique waves in the shock foot via the EFI,
i.e.,, the ETAFI (Guo et al. 2014a, 2014b, KRH19). The
electrons can be effectively trapped between the shock ramp
and these upstream waves and hence can continue to gain
energy through multiple cycles of SDA. Those studies
compared the properties of the excited upstream waves in
shock simulations with the results of the linear analysis and PIC
simulations of the ETAFI driven by anisotropic bi-Maxwellian
electrons (e.g., Gary & Nishimura 2003; Camporeale &
Burgess 2008). In the O ;| ICM shocks, however, the instability
due to SDA-reflected electrons is expected to be more like the
electron heat flux instability driven by a drifting beam, i.e., the
EBFI, since the electrons stream along the background
magnetic field with small pitch angles, and hence they would
behave similar to the electrons of a drifting beam rather than bi-
Maxwellian electrons.

To describe the nature of the upstream waves excited in the
shock foot, in this paper we study the EFI in two different forms:
(1) the ETAFI induced by the electrons of a bi-Maxwellian VDF
with the temperature anisotropy, A = T,|/T., > 1, and (2) the
EBFI induced by the electrons of a drifting beam with an
isotropic Maxwellian VDF and the relative drift speed, u,. We
carry out the kinetic linear analysis of both types of the EFI in
Section 2 and the 2D PIC simulations of the EBFI in Section 3.

The main findings can be summarized as follows:

1. In the EBFI, an effective temperature anisotropy, A.gf, can
be defined (see Section 2.2); A is larger for larger u,;. In the
linear analysis, the characteristics of the EBFI are similar to
those of the ETAFI, if A is similar to A.

2. For both the EFI instabilities, the oblique modes with a
large propagation angle 6 grow faster, having a higher growth
rate ~, than the parallel modes with a small 6. For the Lu0.3
model, the fiducial model of the EBFI, for example, ck,, /wp, =
0.38 and 6,, = 81°.

3. The growth rates of both the instabilities increase with the
increasing plasma beta 3 (see, e.g., Gary & Nishimura 2003).

11

Kim et al.

For higher §, the fastest-growing mode occurs at smaller k,,
and larger 6,,,.

4. Naturally, the growth rate increases with increasing A or
Uy For larger A or u,, the fastest-growing mode occurs at
larger k,, and larger 6,,.

5. In both the instabilities, the growth rate of fast-growing
oblique modes is insensitive to m,/m, for a sufficiently large
mass ratio (i.e., m,/m, 2 100), as shown in previous studies
(e.g., Gary & Nishimura 2003).

6. The fast-growing oblique modes excited by the ETAFI are
nonpropagating with w, =0 (zero real frequency), while those
excited by the EBFI have w, = 0, but w, < . Hence, the fast-
growing modes of the EBFI are nearly phase-standing, even
though they are propagating.

7. The PIC simulations of the EBFI presented in Section 3
show that the time evolution of the magnetic field fluctuations
induced by this instability is consistent with the prediction of the
linear analysis given in Section 2.2 and also with the results for
the ETAFI reported by Camporeale & Burgess (2008) and
Hellinger et al. (2014). The oblique, almost nonpropagating
modes inverse cascade in time to the modes with smaller
wavenumbers, &, and smaller propagation angles, 6. The scattering
of electrons by these waves reduces the beam strength, which in
turn leads to the damping of the waves. As a result, the modes of
long wavelengths with A > )\, ~ 15-20c/w,, are not produced
by the EBFL

As argued by KRH19, without longer waves that can scatter
higher energy electrons, the Fermi I-like preacceleration in the
shock foot may not proceed all the way to p;y; at weak Q | -shocks
in the ICM. However, Trotta & Burgess (2019) and Niemiec
et al. (2019) have recently shown that, if the simulation volume is
large enough to include ion-scale perturbations, the shock surface
rippling caused by the AIC instability can generate multiscale
waves, leading the electron injection to DSA. Additional elements,
such as preexisting fossii CR electrons and/or preexisting
turbulence on kinetic plasma scales in the ICM, may also facilitate
the electron injection to DSA.

The authors thank the anonymous referee for constructive
comments. S.K., J.-H.H., and D.R. were supported by the
National Research Foundation of Korea (NRF) through grants
2016R1A5A1013277 and 2017R1A2A1A05071429. J.-H.H.
was also supported by the Global PhD Fellowship of the NRF
through grant 2017H1A2A1042370. H.K. was supported by
the Basic Science Research Program of the NRF through grant
2017R1D1A1A09000567. This research was supported in part
by the National Science Foundation under grant No. NSF
PHY-1748958.

Appendix
Linear Dispersion Relation

For the general VDF of constituent species, f,, the ij-
component of the dielectric tensor, €;, can be written as

2
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where
V= (vﬂ”"—(b”, — i I (b)), v (bL),
b
po=hw o Bu (A2)
Q, By

and J, is the Bessel function. Here, * denotes the complex
conjugate.

For the drifting bi-Maxwellian VDF given in Equation (1), it
can be shown that

wokv o L0

o On Ha—VH fa
2 T.1
=———|w—kus + | =— — 1| — ua)
773/20‘2LO‘0H : I ”H
2 Vi — )2
x exp| — L _ UI” ) |
Qg Ay
v T,
deVV”i——Hifaz al _ .
8v” v Ov, 1,

(A3)

Then, using the plasma dispersion function, Z(¢), and the
related identities (Fried & Conte 1961),

2
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and the integrals involving the Bessel functions,
2 f dx x e J2(by) = L(\e ™,
0
27 eV R =N L e T,
0

2 [ a2 e o000 = 21T
0 2

n2L,(\)e *
A
—2X [L,(Ne T,

47 ax eV mF =
0

(A5)
where A = bz/ 2, ¢; in Equations (3) and (4) can be derived.
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